UV disinfection is noted to have some problems, one of which is photoreactivation. Photoreactivation allows inactivated microorganisms to regain viability following UV disinfection. The objective of this study is to determine the susceptibility of enterohemorrhagic Escherichia coli (EHEC) O26, vancomycin resistant Enterococcus (VRE), and Pseudomonas aeruginosa to UV radiation and photoreactivation. The conclusions obtained in this study can be summarized as follows. EHEC O26 exhibited apparent inactivation under sunlight after photoreactivation following UV inactivation. VRE exhibited apparent photoreactivation. The dose of UV light required for 90% inactivation of VRE with and without photoreactivation was 10.9 and 24.2 mW sec/cm 2 , respectively. P. aeruginosa exhibited apparent photoreactivation under fluorescent lamp and weak regrowth under dark conditions following UV inactivation. The dose of UV light required for 90% inactivation of P. aeruginosa with and without photoreactivation was 4.1 and 5.2 mW sec/cm 2 , respectively.
INTRODUCTION
Chlorination has been used for most wastewater disinfection operations in Japan for many years, but alternative wastewater disinfection methods have been developed due to growing concerns regarding the toxicity of chlorine residuals (Water Environment Federation, 1996) . UV irradiation has become one of the most important alternatives to chlorination for wastewater disinfection throughout the world. Recently, reevaluation of UV dose required for Cryptosporidium inactivation showed that UV is far more effective than it had been thought to be (Clancy et al., 2000) . One problem of UV disinfection is photoreactivation. Photoreactivation is the repair of the photochemical damage to DNA in organisms under visible light irradiation (Water Environment Federation, 1996) . This repair mechanism allows inactivated microorganisms to regain viability following UV disinfection.
Many researchers have studied the photoreactivation of indicator and non-human pathogenic microorganisms following UV disinfection (Harris et al., 1987; Schonene and Kolch et al., 1992; Lindenauer and Darby et al., 1994; Chang et al.,1995; Kashimada et al., 1996) . However, there has been little research on the photoreactivation of pathogenic microorganisms. The question remains, to what extent should photoreactivation be taken into consideration during the design of the disinfection process? Photoreactivation of enterohemorrhagic Escherichia coli was already studied under luminescent lump (Tosa and Hirata, 1999) , but not under sunlight yet. One of the objectives of this study is to determine the photoreactivation of enterohemorrhagic Escherichia coli (EHEC) O26 under sunlight following UV disinfection. Secondly, we determined the susceptibility to UV and photoreactivation of Pseudomonas aeruginosa and vancomycin resistant Enterococcus (VRE). Pseudomonas aeruginosa is known as an opportunistic pathogenic bacterium and an indicator bacterium of water treatment. Enterococcus is also known as an opportunistic pathogenic bacterium and an indicator bacterium of water pollution.
MATERIALS AND METHODS

Bacterial Strains
One strain of enterohemorrhagic Escherichia coli O26 was provided by Prof. M. Fukuyama, College of Environmental Health, Azabu University. One strain of vancomycin resistant Enterococcus was provided by Public Health Research Center of Chiba Pharmaceutical Association. One strain of Pseudomonas aeruginosa was isolated from river water by using NAC agar method and identified by API20E system (BIOMerieux).
EHEC O26 was spread on tryptic soy agar (Difco Laboratories, Detroit) and incubated at 36 o C for 24 hours. P. aeruginosa and VRE were spread on plate count agar and incubated at 36 o C for 24 hours. Several colonies that formed on the plate were suspended in 10 ml of 6 mM phosphate buffer (pH 7.0) and homogenized using a mixer. The suspension was diluted to the bacterial density of about 10 5 CFU/ml in 500ml of 6 mM phosphate buffer (pH 7.0) in a glass beaker held at 20 o C.
Ultraviolet Light Disinfection
UV treatment was carried out in a batch disinfection device. A beaker containing the bacterial suspension mixed with a magnet bar was placed on a magnetic stirrer. A 25W UV lamp (GL-25, NEC, Tokyo) was horizontally suspended 60 cm above the liquid surface. After the appropriate time the irradiation was stopped and a sample was taken for plating out. Incident UV intensity at the liquid surface was measured at 254 nm with a dosimeter (UVR-254, TOPKON, Tokyo).
Visible Light Irradiation
Visible light irradiation was carried out in a batch irradiation device. A 15W fluorescent lamp (Lumicrystal-15N, Mitsubishi, Tokyo) was horizontally suspended about 15 cm above the liquid surface. A beaker containing the UV-treated bacterial suspension mixed with a magnet bar was placed on a magnetic stirrer. Samples were taken after timed intervals for plating out. Incident visible light intensity at the liquid surface was measured at 360 nm with a dosimeter (UVR-1 and UVR-36, TOPKON, Tokyo).
Sunlight irradiation was also carried out in a batch irradiation system. UV irradiated samples are carried outside from the laboratory and irradiated to sunlight. The beaker was covered by quartz glass for inhibiting contamination during sunlight irradiation.
Bacterial Assay
Most samples were diluted with 6 mM phosphate buffer solution (pH 7.0) and poured with the same agar as cultured before inoculation to water. Some samples with low bacterial density were concentrated by the membrane filtration technique and the filter was placed on the agar. After a 24-hour incubation at 36 o C in a dark place, the colonies that formed on the plates were counted.
Modeling Kashimada et al. (1996) assumed that photoreactivation follows a saturation-type first order reaction. However, this assumption cannot be applied to the photoreactivation process with the higher UV doses used in this study, because a shoulder was seen at the start of photoreactivation. Consequently, data from this shoulder was omitted in modeling. Survival data were treated according to Chick-Watson's law. However, the relationship between UV dose and survival ratio of bacteria does not always follow Chick-Watson's law. Convex curves were analyzed using the series-event model in this study (Severin etal.,1983) .UVdosesrequiredfor90%inactivationwerethencomputedfromthesemodels.
RESULTS AND DISCUSSION
Photoreactivation of Pseudomonas aeruginosa
The relationship between the survival ratio of VRE and visible light dose is shown in Figure 1 . Apparent photoreactivation was observed in P. aeruginosa, while a weak increase in the survival ratio occurred under dark conditions following UV disinfection. Photoreactivation in P. aeruginosa(S21) was significant but not significant in P. aeruginosa(ATCC 15442) and P. aeruginosa(ATCC 15442 mutant m1) (Hassen et al., 2000) . Variation in the photoreactivation of P. aeruginosa exists. Dukan et al. (1997) suggested that recovery in phosphate buffer of an HOCl-stressed population is in large part due to growth of a few cells at the expense of damaged cells. Moreover, dark repair may occur in the growing medium during incubation under dark conditions. In this study increases in survival ratio occurred under dark conditions and the survival ratios reached to over 1.0 after low UV doses. Thus, increases in survival ratio of P. aeruginosa includes regrowth of surviving cells. The relationship between the survival ratio of EHEC O26 and visible light (sunlight) dose is shown in Figure 2 . Apparent photoreactivation was observed in EHEC O26 under sunlight, while a decrease in the survival ratio occurred under intense sunlight following UV disinfection. No increase in the survival ratio was observed in EHEC O26 not irradiated to UV, while a decrease in the survival ratio of EHEC O26 was observed under intense sunlight. These decreases in the survival ratio were observed after about 100 mW·min/cm 2 irradiation of sunlight (visible light).
Photoreactivation of EHEC O26 under luminescent light was already reported (Tosa and Hirata, 1999) . This study shows photoreactivation following UV disinfection may occur under sunlight, but inactivation may also occur under sunlight following photoreactivation. No repair for Salmonella was observed after a 60 mW sec/cm 2 irradiation and a 24-hour incubation (Baron, 1997) . That result may be due to sunlight inactivation as observed in this study. The relationship between the survival ratio of VRE and visible light dose is shown in Figure 3 . Apparent photoreactivation was observed in VRE, while no increase in survival ratio in VRE was observed following UV disinfection under dark condition. Even decreases in the survival ratio were observed after some UV doses. The UV doses required for 90% inactivation of tested bacteria are shown in Figure 4 (Tosa and Hirata, 1999) . VRE was the most UV resistant bacteria tested, while P. aeruginosa and EHEC were weaker.
The UV doses required for 90% inactivation of VRE with and without photoreactivation was 10.9 and 24.2 mW sec/cm 2 , respectively. The UV doses required for 90% inactivation of E. coli (ATCC 11229) without photoreactivation was 2.5 and 7.0 mW sec/cm 2 ,respectively (Harris et al., 1987) . VRE may be significantly more resistant to UV disinfection than E. coli (ATCC 11229) . From the results of Kashimada et al. (1996) , the UV dose required for 90% inactivation of fecal coliforms, with and without photoreactivation, is computed to be 24 and 5.2 mW sec/cm 2 , respectively. These values indicate that fecal coliforms are not more resistant without photoreactivation to UV disinfection than VRE but as resistant without photoreactivation as VRE. Therefore, fecal coliforms may not be useful as an indicator of VRE in the UV disinfection process for non-photoreactivating conditions. However, photoreactivation improved the survival of the investigated VRE to more effectively than that found in Escherichia coli (ATCC 11229) (Harris et al., 1997) , but as effectively as has been observed in fecal coliforms (Kashimada et al., 1996) . These findings suggest that fecal coliforms could be used as a removal indicator of VRE during the UV disinfection process for photoreactivating conditions. Many researchers have reported the effect of water transparency on UV disinfection efficiency. This minus effect is usually estimated by considering UV dose decreases in the target water. UV dose decreases are estimated by determining UV absorbance at 254 nm in target water (Kamiko and Ohgaki, 1989) . This estimation method is being widely used and our data will be useful after UV dose is calibrated by this estimation. Photoreactivation may also be affected by water transparency, and the effect may be estimated by similar method used for estimation of UV dose decreases in water. The difference between inactivation and photoreactivation will be the wavelength of water transparency to determine. For now we have presented only basic data on photoreactivation of three bacteria, but our data is useful for further photoreactivation studies or design of UV disinfection processes if combined with some UV/Visible light decrease estimation methods mentioned above.
